Aging is studied at two levels that are rarely linked: the level of cellular processes and the 9 demographic level. It is unclear how cellular mechanisms can quantitatively explain nearly 10 universal demographic laws, such as the Gompertz law in which risk of death rises exponentially 11 with age. Here we unify these levels using mathematical modeling and experiments in mice, 12
Introduction 21
As organisms age, intracellular damage accumulates (Enge et al., 2017; Hoeijmakers, 22 2009), leading to cellular senescence and the decline of physiological function. In many species, 23
including mice and humans, risk of death rises exponentially with age over several orders of 24 magnitude, a relation known as the Gompertz law (Gompertz, 1825; Kirkwood, 2015) , showing a 25 slowdown at very old ages. Even genetically identical organisms raised in the same conditions die 26 at different times according to the Gompertz law, suggesting a non-genetic stochastic component 27 to mortality (Stroustrup et al., 2016) . However, the cellular identity of this stochastic component is 28 unclear. Thus, although much is known about cellular mechanisms of aging, the Gompertz law has 29 no explanation at the cellular level ( Figure 1A) . 30
To address this, we combine experiments and mathematical modelling. We build on recent 31 findings that a major driver of mammalian aging is the accumulation of senescent cells (SnC) 32 Deursen, 2014; Young and Narita, 2009 These studies indicate that total SnC abundance is a critical variable underlying the aging 55 process. We therefore asked whether the dynamics of SnC can explain the Gompertz law of 56 mortality and other population-level features. To address this question, we needed to determine the 57 dynamics of SnC production and removal, which are currently unknown (He and Sharpless, 2017; 58 López-Otín et al., 2013). 59
Results 60

Scan of circuits for SnC accumulation dynamics 61
To understand the dynamics of SnC, we scanned a wide class of models of SnC dynamics, and, as 62 described below, compared these models to longitudinal SnC trajectories (Burd et al., 2013) and to 63 direct SnC induction experiments in mice ( Figure 1C ). 64
The models describe production and removal of SnC. They differ from each other in the way that 65 production and removal rates are affected by age and by SnC abundance ( Figure 1C Figure 1C ) with all combinations of these dependencies, in addition to basal 75 parameters for production and removal. Each of these models has rate constants, which are 76 currently uncharacterized. 77
A minimal circuit captures longitudinal SnC dynamics in mice 78
To find which of the model mechanisms best describes SnC dynamics, we compared them every 8 weeks for 33 mice, from early age (8 weeks) to middle-late adulthood (80 weeks) ( Figure  83 2A). 84
We tested how well each model describes the longitudinal SnC trajectories by finding the 85 maximum likelihood parameters for each of the 16 models, adjusting for number of parameters 86 (Supplementary Section 1 and Section 2). A principle emerges from this comparison: in order to 87 capture the longitudinal dynamics, the mechanism must include saturation of removal rate, and 88 have rapid turnover of SnC on the timescale of a few days in young mice. The simplest model that 89
describes the data has only two interactions ( Figure 2B ): SnC production rate increases linearly 90 with age, and SnC slow down their own removal rate by saturating the removal process, similar to 91 saturation of an enzyme by its substrate. We call this the saturating removal model (SR model). 92
The SR model captures the accelerating rise of mean SnC abundance with age in the 93 longitudinal data ( Figure 2C ), the increasing SnC variability between individuals ( Figure 2D ), and 94
the SnC distributions between equal-aged individuals ( Figure 2E ) which are skewed to the right 95 ( Fig 2F) . 96
Importantly, the SR model also captures the fact that SnC fluctuations become more 97 persistent with age, as evidenced by an increasing correlation between subsequent measurements 98 ( Figure 2G , p<0.01): individuals with higher (or lower) than average SnC levels stay higher (or 99 lower) for longer periods with age. Models without saturation of removal show a poor overall fit 100 (light-red line in Figure 2C ). 101
The maximum likelihood parameters of the SR model provide quantitative predictions for 102
SnC half-lives: (i) SnC turnover is rapid in young mice (3 month-old) with a half-life of about 5±1 103 day. (ii) Turnover rate slows down with age, so that SnC half-life is about 25±6 days at 22 months. 104
Measurement of senescent cell turnover in young and old mice 105
We experimentally tested these predictions in mice, by inducing the formation of senescent 106 cells and measuring their half-life. To induce senescence in mice lungs we used intratracheal 107 bleomycin administration ( Figure 3A ). Bleomycin is a DNA-damaging agent that induces cellular 108 Figure S1 ). 116
We first tested the prediction that turnover is rapid in young mice ( Figure 3B ). In 3 month-117 old mice, SnC decayed with a half-life of = 4.7 days ( &' = 0.21 ± 0.07 &' ) and reached 118 their baseline level within less than a month ( Figure 3C ). This result indicates that, as predicted, 119
SnC levels in young mice are in a relatively fast dynamic balance of production and removal. 120
To test the prediction that removal slows with age ( Figure 3B) , we performed the 121 bleomycin treatment in old mice (22 month-old). In these mice, the baseline level of SnC was about 122 5-fold higher than in young mice ( Figure 3D ). In the old mice, SnC decayed with a half-life of = 123 18 days ( &' = 0.055 ± 0.035 &' ), which was slower than that of young mice, as predicted 124 ( Figure 3B ). 125
These turnover measurements quantitatively agreed with the predictions of the SR model 126 These results suggest a core mechanism in which SnC accumulate because their production 132 rate rises with age, and SnC saturate their own removal ( Figure 4A ). To understand how this 133 mechanism works, consider the rate plot in Figure 4B , showing SnC production and removal curves 134 as a function of SnC abundance. The crossing point of the curves is where production equals 135 removal, and is hence the SnC steady-state level. At young ages, production rate is low, resulting 136 in a low steady-state SnC level ( Figure 4A ). Production rate rises with age, and SnC concentrations 137 increasingly saturate the removal capacity ( Figure 4AB ), causing the SnC steady-state to shift to 138 ever higher levels. This results in an accelerating rise of SnC abundance with age. 139 Figure 4B also helps visualize the speed at which SnC return to steady-state after a 140 perturbation. This speed is the distance between the curves near the crossing point, production 141 minus removal (double-arrowed lines, Figure 4A ). Young mice have a large distance between the 142 curves, and hence rapid return to steady-state. Their removal mechanisms thus have spare capacity. slower return to steady state. Importantly, the slower return causes stochastic fluctuations to last 145 longer before returning to steady-state, a phenomenon known as critical slowing down (Podolskiy 146 et al., 2015; Scheffer et al., 2009 ). This slowdown causes larger and more persistent variation 147 between individuals with age ( Figure 2G) . 148
The Gompertz law of mortality emerges from SnC dynamics 149
Equipped with an understanding of SnC dynamics, we next asked whether SnC dynamics 150 can explain the empirical distribution of mortality times described by the Gompertz law ( 151 and Figure S3) . 161
The SR model analytically provides the Gompertz law, including the observed deceleration 162 of mortality rates at old ages ( Figure 5, Supplementary Section 2) . The model gives a good fit to 163 the mouse mortality curve ( Figure 5AB , see Supplementary Section 1 for details). Notably, it does 164 so with parameters that agree with the present experimental half-life measurements and 165
longitudinal SnC data ( Supplementary Information 1) . 166
A good description of human mortality data, including the deceleration at old ages, is 167 provided by the same parameters as in mice, except for a 60-fold slower increase in SnC production 168 rate with age ( Figure 5C, Supplementary Section 5 ). This slower increase in SnC production rate 169 can be due to improved DNA maintenance in humans compared to mice (MacRae et al., 2015) . We 170 conclude that the SR mechanism for SnC dynamics provides a cellular mechanism for population-171 level mortality ( Figure 5D ), based on the persistent noise in SnC levels caused by the saturation of 172 removal rates. 
